Abstract. The contribution of holographic techniques to particle velocity measurements is discussed. Two-dimensional holographic particle image velocimetry and three-dimensional holographic velocimetry are described and compared. Their advantages and limits are discussed and the latest progress in this domain is presented, together with perspectives for the near future.
Introduction
The application of holography to particle velocimetry [1, 2] is nearly as old as its application to particle sizing [3] . At that time, the technique, named holographic velocimetry (HV) made use of the in-line arrangement invented by Gabor for the visualization of the atoms [4] . Since that time, substantial progress has been achieved, but the technique is still awaiting its industrialization.
The availability of commercial particle image velocimetry (PIV) systems has brought microholography back into fashion: it appears to be the natural successor of PIV and a great deal of papers of unequal quality have been published since 1990 on this subject, renamed 'HPIV'. To make things clear, we will keep the term HV when we refer to fullvolume (3D) experiments, whatever the arrangement, and we will reserve the term HPIV for what it means, namely the holographic recording of PIV images. In HPIV, a light sheet is used to illuminate the particles and the result is just a two-dimensional (2D) velocity map (with two or three components). Thus most analysis methods and softwares used in photographic PIV also work with HPIV; this is far from being the case with HV, in which the third dimension is the great interest but also the great source of difficulty, as much for the analysis of the image as for the display of the results.
In this presentation, we will limit our analysis to the methods which are actually able to measure velocities of objects smaller than, say 50 µm. Not because larger 'particles' (is the term still correct?) are not interesting, but because the recording problems are much easier to solve (luminosity, spatial and time resolution) whereas the analysis of the images presents specific difficulties which require a specific solution for every type of set-up.
Holographic PIV

The interest of HPIV
The above distinction shows that HPIV appears as a transitional method which does not make use of all the possibilities of holography but offers a much easier and faster process, one that is certainly closer to routine applications. Since Gabor's publications, holography has been known mostly for its three-dimensional properties. In fact, it is interesting to reproduce images not only of relief objects but also of flat objects which for any reason cannot be focused on the emulsion. The object can be inclined (for example by observation at 45
• ); its image can be distorted by the curvature of the field and so on. These effects have no influence on the resolution of the holographic images.
Another unique feature of holography is its ability to compensate for the optical defects of all the transparent elements (windows, lenses) through which the recording beam travels, provided that they are also present at the same place for the reconstruction and that the light rays go along the same paths. However, the holographic aberrations are not compensated in this process.
The third interesting point concerns the possibility of recording the two exposures with two differently oriented reference beams. Hence the corresponding images can be reconstructed at will simultaneously or separately [5] . This allows the sign of the velocity to be determined without ambiguity and the images can be analysed both by autocorrelation and by cross correlation techniques.
The resolution and field of view
In most experiments, the hologram cannot stand near the object. Then the main obstacle to the reproduction of high-quality images is the holographic substrate which distorts the reconstructed waves ( figure 1 ). This prohibits measurements at 1 m or more. The difficulty can be resolved by index matching [6] but is preferable to image the light sheet close to the hologram with the help of a transfer lens. Because lenses cannot provide both a high resolution and a large field at a reasonable cost, the trick consists of using the 'time-reverse' technique [7] in which the reconstructed phases are exactly opposite to those recorded by the hologram. Thus, if the lens remains at the same place, its own aberrations will compensate themselves automatically and a diffraction-limited image can be reconstructed. The quality of the compensation depends on the repositioning of all the elements and on the amount of aberrations to be corrected. It is easy to understand that, if the aberrations are too great, the required repositioning will be too accurate and the operation will be unworkable.
The energy necessary to record the hologram is intimately related to the image contrast which is required to detect the particles on the reconstructed background. Of course, it depends on the cross section of the light sheet, on the sensitivity of the emulsion, on the aperture and magnification of the lens, on the particle size and on the angle of diffusion. The sensitivity of the holographic emulsion is three orders of magnitude smaller than that of films used in photographic PIV; fortunately, the exposure level is determined by the reference-beam intensity only, thus it is not necessary to illuminate the light sheet with 1000 times as much energy. However, the reconstructed particle images must be brighter than the background noise and it is necessary to adjust the light-sheet intensity and to eliminate all the sources of extraneous light, but it is also important to reduce the size of the image spots in order to enhance their brightness. We see here that the reduction of aberration is not only a matter of resolution strictly speaking, but also of image contrast and, finally of the laser energy.
Our experiments have shown that images of 10 µm (diffraction limited) can be reconstructed in a field of 100 cm 2 (figure 2) located 3 m from the hologram. Compared with an ordinary photographic PIV (20 µm images in 24 mm × 36 mm), the gain of information is about 40. The main characteristics of the corresponding set-up (figure 3) were as follows.
(i) The source was a ruby laser, with two pulses, each of 750 mJ.
(ii) The transfer lens was a 150 mm doublet, f = 750 mm.
(iii) The light sheet was 0.3 mm × 100 mm. Figure 2(b) shows that the seeding could be multiplied by three or four. Of course, it is possible to make recordings at 45
• to the light sheet. This increases the luminosity substantially but one must bear in mind that, when it is observed at this angle, the field undergoes an apparent contraction of √ 2 in the corresponding direction. Moreover, the in-plane displacement l differs from the measured lateral displacement (x 1 − x 2 ) and its precision is much lower. If β is the angle of observation (figure 4), we have
With an aperture of f/5, the lateral positions can be estimated to within 1 µm and the depth uncertainty is about 30 µm. Thus, at a right angle, the precision of l is 2 µm but it is only 45 µm at 45
• . The emulsion processing generates a shrinkage which can be a source of difficulty insofar as it modifies the Bragg conditions required in order to reconstruct the images. However, its effect varies substantially with the recording geometry. The images of figure 2(b) were obtained by placing the hologram normal to the object beam and by reducing the angle of the reference in the recording set-up (about 10
• ). In addition, it is important to keep the same geometrical conditions between the hologram and the lens, even if the wavelength is different: a slight attenuation of the image is preferable to a bad resolution.
The determination of the sign of the velocity
In principle, the techniques developed in PIV to determine the sign of the velocity can be transferred to HPIV: these are shifting [8] , spatial separation of the recorded images and image labelling [9, 10] . However, the double-reference method, which is specifically holographic, appears far more interesting [11] . It consists of recording every exposure with a separate reference beam (figure 5). Every reference only reconstructs the corresponding image. It is to be noted that a change of wavelength at the reconstruction induces a distortion which cannot be eliminated. Provided that the twin-image separation is always small (typically a fraction of a millimetre), this effect influences the position of the measurement spot but it is negligible for the velocity. In a more rigorous way, the recording of a steady object can provide the exact compensation to be applied to the results.
The image analysis
The HPIV image can be printed on a film then analysed by an existing PIV processing system. Figure 6 shows a velocity map obtained in this manner in a 3 cm 2 zone of figure 2. The printing film must have a moderate contrast in order to record both the weakest particles and the brightest ones. Monnier has analysed the same holographic image with and without intermediate printing [12] . His results were equivalent insofar as the numbers of false vectors are similar (figure 7). However, the direct analysis of the aerial image collected zone by zone on a CCD camera is certainly more reliable and more accurate thanks to the sensor's linearity. In addition, it avoids the long delay required by the development, fixing, washing and drying of the print film.
The double-reference technique allows cross correlation as well as aurocorrelation to be applied to the image analysis and their advantages can be combined. For example, the calibration required for cross correlation can be achieved by autocorrelation.
Three-component HPIV
Holography offers two possibilities for measuring the third velocity component. The third component can be deduced directly from the difference in focusing between the twin images. The accuracy and the sensitivity of the method are given by the Rayleigh criterion:
where dz is the smallest focusing difference which can be detected and φ is the half aperture of the system. With φ = 0.1 (f/5) and λ = 0.6 µm, one gets dz = 30 µm. This value is comparable to that obtained in classical PIV. Just like with photography, the stereoscopic effect can be exploited. The particles can be observed through two different regions of the same hologram [13] . We recommend the use of two holograms, each of them being normal to its viewing direction, because this offers more interesting possibilities: the holographic aberrations do not depend on the angle of the two views while the precision of the third component increases with it, the best precision being obtained at right angles. It is possible to make the recordings at 45
• and 135
• but the luminosities in the two directions are very different. We are investigating the recording at +45
• and −45 • , namely on both sides of the light sheet ( figure 8 ). Here the two images have exactly the same luminosity and, in the absence of a third component, they are perfectly symmetrical.
The relations which give the in-plane component l and the out-of-plane component m as functions of the angles of observation α and β are
where A and B are the lateral displacements of the same particle measured in the two holograms. For α = −β = 45 • (figure 9), we get 
We note that the precisions obtained for l and m are identical (3 µm with an aperture of f/5). Insofar as the sensitivity is equal to the precision in all directions, this technique appears to be the only one capable of providing true three-component (3C) velocity maps. Of course, the uncertainty in the angles must also be taken into account in the experiments, but this does not change the potential quality of the results fundamentally.
Specific limits of HPIV
In the experiment described above, HPIV required about ten times as much energy as would photographic PIV to record the image. This is of little importance for experiments performed in water, in which the particles can be larger (20 µm) and very luminous. For aerodynamics, it is necessary to use a laser of high energy, or else to reduce by the same ratio the height of the light sheet. A hologram is a set of interference fringes which need a high mechanical stability for a good recording. The optical path of the two waves impinging upon the plate must not vary by more than half a wavelength during the laser pulse. The in-plane velocity component u parallel to the light rays is limited by the pulse duration τ and by the angle of observation α (figure 10):
The component v normal to the light sheet is limited by
With τ = 20 ns, λ = 0.6 µm and α = 90 plane component w normal to the rays generates negligible second-order phase changes, so it is only limited by the classical blur and velocities as high as 500 m s −1 can be reached (these values can be multiplied by five with recent 4 ns YAG lasers). For high-speed phenomena, the arrangement must be designed so that the highest velocity component be normal both to the propagation of the rays in the light sheet and to the direction of the diffused light ( figure 11 ). With α = 45
• , the gain in u is of the order of 3 and that for v is about 1.4.
Multiplane HPIV
This technique, proposed by Hinsch et al [14] , consists of illuminating the field with several light sheets parallel to one another. In fact, the same beam is folded to form the different planes ( figure 12 ). To avoid the pollution of every plane by the light diffused from the others, each of them is recorded with a separate reference and their optical paths are adjusted so that a reference can only reconstruct the plane which is coherent with it. This interesting method appears intermediate between 2D HPIV and 3D HV: it gives more than a plane and less than a whole volume. In short, it is a 2.5D technique. The number of planes is limited by the number of reference beams which can be superimposed simultaneously on the same hologram.
The extension to 3D fields: HV
The in-line arrangement
Since the origins of holography, the in-line arrangement has been used extensively for size as well as velocity measurements. It is a fact that it has very interesting qualities: extreme simplicity, high luminosity, tolerance to high velocities, low coherence requirements and so on. As a counterpart, the practical size limit is of the order of 5 µm [15] . This limit is not acceptable in supersonic aerodynamics but it is not a problem for measurements in liquids.
As an example, this technique has been applied to study the velocity (and the sizes) of bubbles used as tracers in a 1 m thick water tunnel [16] . The hologram being outside the tunnel, an intermediate lens was necessary to image the bubbles near the hologram and, as for our HPIV experiments described above, the 'time-reverse' reconstruction was applied. Because the reference also travels through the lens, the latter must be free from spherical aberration. In spite of the water diffusion, which is very significant on passing light through such a depth, bright images of 30 µm bubbles could be reconstructed and measured from doubly exposed holograms ( figure 13) .
Because of the bad quality of the hologram substrate, the useful aperture is in most cases limited to 20 mm. Even at a short distance of 10 cm, the depth resolution is about ten times worse than the lateral one and the merely in-line system can be labelled a '3D, 2.5C' method. To obtain a true 3D, 3C result, it is necessary to use a double set-up composed of two crossed beams [17] and of two holograms which are recorded simultaneously. The two beams can be emitted by a single laser or by two synchronous cavities. Figure 14 shows that the radial component on one view becomes a lateral component on the other and reciprocally. Figure 15 shows an example of application to the jet emitted by a fuel injector. The same particles are present in figures 15(a) and (b) but the former shows the x-y components in the x-y plane whereas the latter contains the z-y components folded back into the same x-y plane. Let us mention that, in order to identify the particles in the two views, fiducial marks had been placed in the recorded volume.
The depth of field, which limits the focusing accuracy, is given by the Rayleigh criterion (see equation (2)), which applies to holography as well as to classical optics. We wish to call the reader's attention to the wrong definition used repeatedly in the literature [18] [19] [20] [21] . According to it, the depth of field would depend on the particle size and, for a droplet of 100 µm, it would reach several tens of millimetres! Results of all the past and present experiments prove the contrary. The origin of this error is certainly the choice of the intensity as the focusing criterion [18] . This parameter is not adapted to the in-line system, except when an optical edge extraction is achieved for the analysis: in this case, the intensity of the edge corresponds actually to the sharpness observed in the full image.
Another limit of the in-line recording is imposed by the concentration of the particles: every particle receives light diffused by all the others. The result is a speckle which affects both the background and the particle image. The obscuration ratio of the recording beam [15] is a very simple criterion which gives a rapid evaluation. Experience shows that, for a ratio under, say 3%, the speckle effect is negligible. The criterion proposed by Meng et al [22] is more sophisticated. It applies to low concentrations but it could be extended to all concentrations by taking into account that the reference beam is spoiled by the presence of the particles. For example, it is obvious that, with an obscuration ratio of 100%, the reference vanishes as does the holographic image.
It is important to note that the concentration limit is inverse to the recorded volume depth. This means that the maximum vector density decreases when the depth increases: for a given field cross section, the total number of vectors allowed is the same for a deep volume as it is for a thin light sheet. In addition, this number is proportional to the inverse of the average particle cross section: the larger the particles the lower the vector density.
Off-axis recording
The reconstruction of sub-diffraction particles is not possible with the in-line system. It is necessary to separate the reference and the illuminating beam in order to balance their intensity ratio [23] . However, the laser energy required to record a volume of 1000 cm 3 at a right angle would be of the order of a few hundreds of joules. It is absolutely necessary to reduce the angle of diffusion drastically. The best way consists of masking the illuminating beam behind the object to record the light diffused by the particles just around the mask. Barnhart Figure 17 . A defocusing of 10 µm modifies the image intensity of a sub-diffraction particle substantially (aperture f /2). The visual aspect (a) has been confirmed by the intensity profile (b) for automatic focusing.
et al [24] described a set-up which included several features already mentioned above to improve its possibilities, namely a low diffusion angle, double-reference recording and 'time-reverse' reconstruction ( figure 16 ). The images were reported to have a size of 15 µm × 30 µm and the depth of focus varied in the range 100-700 µm, but these results can certainly be improved upon. If the reference beam does not travel through the object field, it is disturbed neither by its index variations nor by the particle concentration. However, the concentration remains limited by the speckle that every particle receives from all the others and the conclusion concerning the vector density is similar to that for in-line holography. It is remarkable that the obscuration ratio is equivalent to the criteria proposed by Adrian [25] and Lourenço [26] for classical 2D PIV, provided that the particle size is replaced by that of its image.
For the case of fields seeded with larger particles (hydrodynamics), the laser energy required for the recording can be much smaller. It is possible to remove the above-mentioned mask (back illumination) but then the particles appear dark on a bright background and their contrast is rapidly degraded by various factors (stray light, double exposure, a high concentration and so on).
Image analysis and display of results
The exploration of the reconstructed volume sets specific problems which depend on the arrangement used.
(i) With the in-line arrangement, the maximum concentration allowed by the particle sizes (>5 µm) implies the 3D tracking of every particle. The automatic focusing, initiated by Bexon et al [27] , requires that several criteria be satisfied simultaneously. The only completely automated system described in the literature takes a few hours to analyse a 1 cm 3 volume containing 200-300 particles [28] . The optical edge extraction can reduce this delay substantially but the tracking method is by nature very slow, still slower in a larger volume.
(ii) The off-axis images of sub-micrometre tracers allow for a faster tracking since the intensity criterion applies here for their detection and focusing (figure 17), but for larger particles, the focusing criteria are as complex and as time consuming as with the in-line system [29] .
The correlation method used in 2D PIV and HPIV implies that a small window is analysed at a time, in which the velocity is constant. This is not transposable directly to HV because the different planes of the volume cannot be separated and they interact with one another. From this point of view, the multiplane technique described above is certainly an interesting solution, even though its application is still limited to relatively small depths.
The huge amount of information contained in a 3D, 3C map (six items of information per vector) cannot be displayed on a two-dimensional screen. The authors generally show typical planes extracted from the analysed volume [24, 30] . A holographic display, though spectacular, is not very helpful for this question: the retina is two-dimensional anyway and the human brain has no means to distinguish in the apparent size of a vector the contributions of its real size and of the perspective effects. The use of false colours and of the time dimension on computer screens can certainly help but they do not really solve the problem and it will be necessary to replace the velocity maps by simpler results (such as the vorticity) to obtain displays that are both comprehensible and significant.
Future developments
The development of HPIV and of HV is limited by the available technology. However, for all off-axis recordings, the photographic emulsion can already be replaced by thermoplastic films [31] in order to reduce the processing time (to a few seconds). Their qualities have long been confirmed by their use in holographic interferometry and there is no obstacle but financial ones to their application in HPIV and HV. The use of near UV (350 nm) is also within our reach. It increases the diffusion efficiency of the very small tracers and it can improve the resolution in the three directions thanks to a reduction of the Airy disc and of the depth of field.
The 4D, 3C information is certainly the final aim, for it would provide the temporal evolution in addition to the instantaneous velocities in the phenomena. Some authors have proposed cine-holographic systems [32] but the results were very much limited by the available technology: the necessary trade-off between the repetition rate, the energy per pulse and the coherence of the laser source at present limits the applications to slow phenomena or to very small fields with a poor resolution. The necessary separation of the successive frames generates a blur proportional to the frame rate and its reduction implies a more complex and more expensive optical system. However, these are just technological problems and things are going so fast . . .. It remains that the amount of information to be processed is proportional to the number of views in a sequence and, of course, this will not accelerate the analysis process.
Conclusion
The demand for three-dimensional information is growing with the development of fluid mechanics and holography is the only optical method which can yield instantaneous 3D velocity maps. However, the time necessary for the analysis of a complete volume and the difficulty of presenting all the 3D, 3C results in a clear and simple manner are very great obstacles to a wide use of holography in velocimetry of fluids. The items of information stored in the holographic image are irreplaceable and it is always possible to extract them partially according to the needs (such as 2D maps at given depths). From this point of view, HV still appears to be a precious source of progress for the fundamental understanding of fluid mechanics rather than an industrializable method. In the meantime, HPIV offers interesting improvements which can already be associated with the existing means of analysis.
